Enterobacterial fimbriae are protein filaments that function as binding organelles (4, 14, 28) . It has become evident that single enterobacterial species, e.g., Escherichia coli, have many different types of fimbrial antigens. The receptor structures for only some of them are known. Most E. coli strains possess type 1 fimbriae, which are characterized by their ability to bind mannosides (4, 13, 18, 28) . E. coli strains associated with human pyelonephritis carry P fimbriae (16, 33 ) which bind to P-blood-group-specific glycosphingolipids on human uroepithelial cells and erythrocytes (11, 17) . A few human pathogenic strains have S fimbriae, which recognize sialyl galactosides (16a, 22) , or M fimbriae, which recognize human-blood-group-M-specific antigens on human erythrocytes (32) . Additionally, E. coli strains causing diarrhea in humans and animals possess fimbriae, such as colonization factor antigens or K88 or K99 antigens, which bind the bacteria to host intestinal epithelium (7) .
It has been shown that a particular enterobacterial strain is able to synthesize many fimbrial antigens (4, 9, 16, 31, 33) . Brinton (1) and Duguid and Gillies (3) showed that type-1 fimbriae have phase variation, i.e., bacterial cells rapidly change from a fimbriated to a nonfimbriated phase. The genetic analysis of this on-off switch has been started (5) . However, it has remained largely unresolved whether single bacterial cells express many fimbriae simultaneously. As a first step in studying this problem, we recently described fimbrial phase variation in KS71, a pyelonephritogenic E. coli strain (26) . This strain has four fimbrial antigens, A, B, C, and D. The A and B fimbriae are serologically crossreactive (27) and recognize P-blood-group antigens (25) ; hence, they both are P fimbriae. The D fimbriae of strain KS71 correspond to type 1 fimbriae; they bind mannosides and are formed only after cultivation in static broth (27) . The C fimbriae resemble pseudotype 1, or type 1C, fimbriae (12, 24) . They are serologically distinct from the other KS71 fimbriae and lack demonstrable binding properties. The fimbrial composition of strain KS71 is very similar to that of E. coli C1212, the model strain for F7 fimbrial antigens (12, 20) . We showed that P (A and B) and C fimbriae of agar-grown strain KS71 do not occur on the same cells and that there is a rapid phase variation between P-fimbriated and Cfimbriated cells (26) .
In this communication we describe a simple and fast immunofluorescence method for assessing the expression of fimbrial antigens on single bacterial cells and extend our previous findings by demonstrating also that type 1 fimbriae are involved in this phase variation.
MATERIALS AND METHODS
Bacteria. E. coli KS71 and its fimbriae have already been described by us (16, (24) (25) (26) (27) . For the immunofluorescence assay the strain was first cultured overnight on colonization factor antigen agar plates (6) at 37°C, and 109 cells were then transferred to 20 ml of Luria broth and cultured statically at 37°C (15) . Nonfimbriated cells were obtained by subculturing the strain on colonization factor antigen agar plates at room temperature. Antisera. Antisera against purified A and C fimbriae of strain KS71 were prepared as described (15) by immunizing with fimbriae purified from recombinant strains with the structural genes for A or C fimbriae only (25) . Anti-KS71A serum (anti-A serum) cross-reacts strongly with B fimbriae of strain KS71 (25, 27 ) and hereafter will be called anti-P serum. Antiserum to the type 1 fimbriae of E. coli 2131 was available from previous work (16, 24, 27) ; it reacts strongly only with the D fimbriae of strain KS71 (16, (24) (25) (26) (27) .
Preparation of fluorochrome-labeled antibodies. Isolation of the immunoglobulin G (IgG) fraction from the various antisera and its conjugation with fluorescein isothiocyanate (FITC) or tetramethylrhodamine B isothiocyanate (TRITC) (Sigma Chemical Co., St. Louis, Mo.) were performed as described (8) , except that IgG was further purified by ionic exchange chromatography in a DEAE-cellulose column (Pharmacia Fine Chemicals, Uppsala, Sweden) before conjugation. In each case 5 ml of hyperimmune serum was used for purification. Unbound stain was removed from conjugates by gel filtration in a Sephadex G25 column (Pharmacia) with phosphate-buffered saline (PBS) (pH 7.1) as eluant. The conjugates were then dialyzed against PBS and adjusted to 3 ml. The fluorochrome/protein ratio was 2.0 for anti-type-1 FITC conjugate, 2.1 for anti-P FITC conjugate, 2.3 for anti-P TRITC conjugate, and 1.9 for anti-C TRITC conjugate.
Immunofluorescence assay. Samples from bacterial cultures were stained with the various conjugates ( (13) , washing the aggregates five times with PBS at 4°C, and eluting bound bacteria with PBS containing 1.5% (wt/vol) a-methyl-D-mannoside (Sigma). The bacterial cells obtained were finally treated with anti-C and anti-P sera as described (26) (13, 25) .
RESULTS
Immunofluorescence assay. Figure 1 shows a typical result of immunofluorescence assay, obtained by staining a 35-h culture with anti-type-1 or anti-P and anti-C sera. Figure 1A is an underexposed micrograph of cells stained with antitype-1 serum; notably is the strength of fluorescence on the edges and its weakness at the center of the cells. The same phenomenon was observed with all conjugates and was considered to result from the staining of fimbriae protruding from the cell surface. Figure 1B is a phase-contrast micrograph where the staining reactions of each cell are shown for clarity. Figure 1C shows the same field photographed for a FITC conjugate (anti-type-1 IgG), Fig. 1D is for a TRITC conjugate (anti-P and anti-C IgG), and Fig. 1E is a double exposure for both fluorescein conjugates. Twelve cells (37%) were stained with anti-type-i conjugate; of these, eight (25% of all the cells; marked by a 1 in Fig. 1B) were stained with anti-type-1 conjugate only, and four (12%; marked by 1PC) were stained also with the mixture of anti-P and anti-C sera. The latter represented cells carrying more than one fimbrial type (i.e., type 1 and P or C, or both). Six cells (19%; marked by PC in Fig. 1B ) were stained only with the mixture of anti-P and anti-C conjugates. The same fluorescent cells are visible in the double exposure of all conjugates. Fourteen (44%) of the cells shown in Fig. 1B (marked by an E) were not stained with any of the conjugates and were considered to represent nonfimbriated cells.
The results shown in Fig. 1 by the antifimbriae sera; none of them showed unexpected reactions in the tests; e.g., the type-i-fimbriated subpopula-D p tion showed yeast cell agglutination but lacked hemagglutination and was agglutinable by anti-type-1 but not by anti-P or anti-C antisera. It was concluded that the subpopulations were homogeneous enough for tests of reversibility in fimbrial expression.
The existence of reversibility was tested in two ways. First, cells from the fractionated subpopulations were transferred to agar plates to obtain single colonies, and the colonies were tested for hemagglutination, yeast cell aggluti- tions were already visible on the agar plates. Fifty colonies from each subpopulation were tested, and all of the colonies reacted positively. Second, fractionated subpopulations were transferred into broth, cultured for 8 to 10 h, and stained with the three fluorescence conjugates (anti-P, anti-C, and anti-type-1). Again, a fraction of each cultured subpopulation was stainable with all three conjugates. These results show that fimbrial synthesis in strain KS71 is reversible and that the cells may change from one fimbrial phase to another.
Kinetics of fimbrial phase variation. To learn whether a change from one fimbrial subpopulation to another occured randomly, i.e., whether cells in a particular phase changed randomly to all other fimbrial phases, we subcultured strain KS71 on agar plates at room temperature, a condition where none of the fimbriae are expressed. The cells were then transferred into a static broth culture at 37°C, and two samples were taken every hour for 26 h. One sample was stained with anti-type-1 FITC, anti-P TRITC, and anti-C TRITC conjugates, and the other was stained with anti-P FITC and anti-C TRITC conjugates, and the percentage of cells with each fimbrial type was estimated. Another culture, inoculated in an identical manner, was used to determine the number of bacterial cells in the culture. Viable counts (data not shown) revealed that the number of cells in the broth culture increased logarithmically from 8.4 x 107/ml to 7.8 x 108/ml in 3 h, remained fairly constant up to 15 h (8.2 x 108/ml), and rose to 2.2 x 109/ml at 26 h.
The last increase probably resulted from surface growth becoming observable at that time.
Cells from the agar plates kept at room temperature were not stained with any of the fluorescence conjugates (0 h in Fig. 2 ), nor were such cells hemagglutinative or agglutinable with any of the antifimbriae sera. C-fimbriated cells were first detected at 1 h; their percentage increased rapidly to 68% by 4 h and then decreased gradually to 24% by 26 h. Also, cells having both P and C fimbriae were detected at 1 h; their percentage remained low (1 to 7%) throughout the test. P-fimbriated cells were detected at 2 h, and their percentage rose gradually to 21% by 8 h and remained fairly constant through the rest of the experiment. Type-l-fimbriated cells were not detected until 9 h. Their percentage remained low until it increased to 21% at 20 h, and it remained above 10%. The percentage of cells having all three fimbrial types was also estimated; these cells were detected at 9 h and, their frequency remained low (2 to 6%; data not shown) throughout the experiment. Accordingly, the percentage of nonfimbriated cells decreased rapidly to 24% at 4 h and then fluctuated between 21 and 42%. The percentages at 26 h in Fig. 2 are in close agreement with those obtained with the 35-h-culture described in Table 1 . We conclude that fimbrial phase variation is not totally random; a random variation would not explain the rapid increase in the percentage of C-fimbriated cells or the late appearance of type-l-fimbriated cells.
DISCUSSION
We recently described phase variation between P and C fimbriae of agar-grown E. coli KS71 (26 Fig. 2 ).
The fimbrial composition of strain KS71 is very similar to that of E. coli C1212, which is the model strain for F7 and type-iC fimbrial antigens (12, 19, 20) . Thus, the A and B fimbriae of strain KS71 probably correspond to F71 and F72, respectively, and the C fimbriae of strain KS71 correspond to type 1C of strain C1212 (12, 19, (24) (25) (26) (27) . Both strains express type-i fimbriae in broth culture only. It is interesting to note that 0rskov et al. (21) found that adsorption of a C1212 cell population onto human erythrocytes removed cells carrying F7 antigens, whereas type-iC fimbrial antigens could still be detected on cells remaining in suspension. This is in agreement with our previous findings on phase variation between P and C fimbriae on strain KS71 (26) and can be explained by the fact that the two fimbrial types reside on different cells. 0rskov et al. (20) also provided immune electronmicroscopic evidence which suggested that F7 and type-1 fimbriae on broth-cultured strain C1212 could occur on the same cell, but our present findings ( Fig. 1 ; Table 1) show that this is true for only a small fraction of KS71 cells, probably those changing from one fimbrial phase to another.
An intriguing aspect of the fimbrial-phase variation under discussion is its extreme rapidity; an overnight culture of fractionated subpopulations produced colonies that were heterogeneous in respect to fimbrial antigens, and variation in fimbrial synthesis could be observed during a 26-h broth culture of the strain (Fig. 2) . Thus, fimbrial phase variation in strain KS71 is much faster than flagellar phase variation in Salmonella typhimqrium (29) , the on-off switch of type-1 fimbrial synthesis in E. coli (5), or fimbrial phase variation in Neisseria gonorrhoeae (30) . All these variations can be followed by enumeration of colonies, although single colonies expressing different fimbrial types were observed by Swanson and Barrera in N. gonorrhoeae (30) . Fimbrial phase variation in gonococci also involves changes in the apparent molecular weights of the fimbrillin subunits; we have not observed such changes in strain KS71.
The results shown in Figure 2 indicate that fimbrial phase variation is not totally random. The rapid increase in the percentage of C-fimbriated cells can only be explained by the fact that after transfer of cells to broth culture, most of the new cells expressed C fimbriae. Cells having both C and P fimbriae were detected 1 h before the appearance of Pfimbriated cells; maybe some of the C-fimbriated cells had changed into a P-fimbrial phase. The late appearance of type-l-fimbriated cells also speaks against random change. It is an established fact that manyE. coli strains do not express type-1 fimbriae on agar plates, whereas other fimbriae, like P or type 1C, are expressed (3, 4, 16, 20) . The molecular mechanisms responsible for control of this phenomenom, as well as of fimbrial phase variation, are not known. We cloned separately the four fimbrial genes of strain KS71 (25; M. Rhen, unpublished data) to study the molecular basis for phase variation; so far our results show that there are regulatory interactions between the fimbrial locuses. It should be stressed that the kinetics of phase variation shown in Fig. 2 probably hold for only that particular phase, i.e., nonfimbriated cells grown on agar plates at room temperature.
The immunofluorescence assay described in Fig. 1 is a useful tool for studying rapid variation in surface antigens. It may also be helpful for analysis of fimbrial synthesis in vivo, e.g., in patients or in test animals challenged with fimbriated bacteria. E. coli KS71 has been isolated from a case of acute pyelonephritis, and similar fimbrial compositions occur frequently among E. coli strains causing urinary tract infections (16, 19) . Thus, it may be that the fimbrial-phase variation described here is a general property of pyelonephritogenic E. coli strains, which are often known to carry multiple fimbrial antigens (9, 16) . P fimbriae are needed for bacterial attachment to uroepithelial cells (14) and invasion of kidneys (10) . However, pyelonephritis is associated with an intense immune respose (23) We thank Tuula Taskinen for skilled technical assistance.
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